Molecular dynamics (MD) simulations are carried out to study the thermal and mechanical behaviors of single-crystalline wurtzite (WZ), zinc-blende (ZB), and polytypic superlattice ZnS nanowires containing alternating WZ and ZB regions with thicknesses between 1.85 nm and 29.62 nm under tensile loading. The wires analyzed have diameters between 1.77 nm and 5.05 nm. The Green-Kubo method is used to calculate the thermal conductivity of the wires at different deformed states. A non-equilibrium MD approach is used to analyze the thermal transport behavior at the interfaces between different structural regions in the superlattice nanowires (SLNWs). The Young's modulus and thermal conductivity of ZB nanowires are approximately 2%-12% and 23%-35% lower than those of WZ nanowires, respectively. The lower initial residual compressive stress due to higher irregularity of surface atoms causes the Young's modulus of ZB nanowires to be lower. The dependence of the thermal conductivity on structure comes from differences in phonon group velocities associated with the different wires. The thermal conductivity of polytypic superlattice nanowires is up to 55% lower than that of single-crystalline nanowires, primarily because of phonon scattering at the interfaces and the resulting lower effective phonon mean free paths for each structural region. As the periodic lengths (1.85-29.62 nm) and specimen lengths (14.81-59.24 nm) of SLNWs decrease, these effects become more pronounced, causing the thermal conductivity to further decrease by up to 30%. V C 2015 AIP Publishing LLC.
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I. INTRODUCTION
Nanowires are attractive 1-D structures because of their novel properties compared with bulk materials. These properties are attributed to high surface-to-volume ratios. Semiconducting nanowires are used in photonic, optoelectronic, piezoelectric, and thermoelectric devices. [1] [2] [3] [4] [5] Zinc sulfide (ZnS) is one of the II-VI inorganic semiconductor groups and has a variety of potential applications in LEDs, sensors, and UV lasers, [6] [7] [8] because of its wide band gap energy (3.72 eV for bulk wurtzite (WZ) and 3.77 eV for bulk zinc-blende (ZB)) 9 and relatively good transport properties. Many researchers have synthesized various ZnS nanostructures such as nanowhiskers, nanowires, nanobelts, nanorods, and nanosheets. [10] [11] [12] [13] [14] [15] [16] Zinc sulfide is commonly found in either the cubic ZB form at ambient conditions or in the hexagonal WZ at high temperatures. The local atomistic structures of both polytypes are similar but different in the stacking sequences of Zn-S layers. 17 WZ ZnS nanowires usually grow along [100], [210] , ½1 10 directions on CdS nanoribbon 18 and [0001] direction on ZnS nanoribbon. 19 ZB ZnS nanowires usually grow along the [111] direction on SiO 2 /Si substrates. 20 In general, WZ nanowires grow along the [0001] direction and ZB nanowires grow along the [111] direction. Furthermore, with the advances in nano-scale engineering techniques, nanowires can be easily fabricated to be heterogeneous structures. In the case of III-V semiconducting nanowires, Gudiksen et al. 21 synthesized GaAs/GaP superlattice nanowires by repeated modulation of the semiconductor reactants during growth of nanowires. Also, InP/ InAs and InAs/GaAs heterogeneous superlattice nanowires (SLNWs) have been synthesized. 22, 23 In addition to the heterogeneous SLNWs, homogeneous SLNWs with just lattice structure modulation, called polytypic SLNWs, have been manufactured. [24] [25] [26] Experimental observations and theoretical calculations 24, [27] [28] [29] [30] have proved that the growth diameter, temperature, and III/V ratio determine the WZ fraction of polytypic SLNWs. Engineering technologies to control precisely diameter-independent polytypic SLNWs are developing rapidly. For the II-VI groups, ZnS has the potential to yield various nanostructures. The ZnS/ZnO core-shell nanowires have been synthesized 31 and vertically aligned ZnS/ ZnO nanowires 32 can be used for energy generation. The ZnS/ZnO biaxial nanobelts show unique cathodoluminescence properties and wide-range photoresponse. 33, 34 It is known that heterocrystalline ZnS (WZ)/ZnS (ZB) nanobelts in the length direction and transverse direction can also be synthesized. 33, [35] [36] [37] Notably, polytypic SLNWs have potential applications in new optical devices, mini-band engineering because of the difference in the electronic band structures between WZ and ZB nanowires. 26, 38 Many researchers utilized molecular dynamics simulations to analyze the mechanical and thermal behaviors of nanowires. Kulkarni 40 confirmed the coupling between the thermal and mechanical behaviors of WZ GaN nanowires when strains are induced. The thermal conductivity of SLNWs has been calculated via nonequilibrium molecular dynamics (NEMD) simulations. Lin and Strachan 41 discussed the effect of periodic length on the thermal conductivity of Si/Ge SLNWs and superlattice thin films (SLTFs). Samvedi and Tomar 42 analyzed the role of straining and morphology in determining the thermal conductivity of a set of Si/Ge SLTFs and biomimetic Si/Ge nanocomposites. Termentzidis et al. 43 observed a decrease of thermal conductivity of SiC nanowires with lattice and diameter modulations.
In this paper, we carried out molecular dynamics simulations to effect tensile loading to single-crystalline WZ ZnS nanowires grown along the [0001] direction and ZB wires grown along the [111] direction. We calculated the variation of thermal conductivity when mechanical strain is induced in the wires. The calculations allow the dependence of the thermo-mechanical behaviors of these single-crystalline ZnS nanowires on their atomistic structures to be analyzed. Additionally, the thermal and mechanical behaviors of the polytypic superlattice ZnS nanowires are compared with those of the single-crystalline nanowires. In particular, we note that lower thermal conductivity of SLNWs is desired in thermoelectric applications in order to enhance the figure of merit (ZT). [44] [45] [46] [47] Although many papers have dealt with the characteristics of thermal transport between two different materials such as Si/Ge SLNWs and SLTFs, there is a lack of studies on the thermal behavior of NWs with heterogeneous structures, especially for conditions involving mechanical strain. The results from this analysis are expected to help understanding the thermal transport between different crystalline structural regions in nanomaterials and quantify the thermal and mechanical responses of the NWs.
II. FRAMEWORK OF ANALYSIS

A. Modeling of nanowires
Wurtzite (2H) and Zinc-blende (3C) are the most common structures of the semiconductor compounds that obey the octet rule. The WZ nanowire considered in this study consists of repeated structure units of two A for WZ.
B. Molecular dynamics simulations
All molecular dynamics (MD) simulations are conducted using the LAMMPS code developed by the Sandia national laboratory. 52 Temperature is controlled by the Nos e-Hoover algorithm. 53 Short-range interatomic forces are described by the Buckingham potential of Wright and Jackson 54 and long-range coulombic forces are calculated by the wolf summation method. 55 Buckingham-type pair potentials predict the phase transformation from WZ to BCT well under tensile loading. 39, 40, 56, 57 Before loading is applied, the nanowires are equilibrated for 100 ps using the NPT ensemble. After equilibration, tensile loading is applied by using an approximate quasi-static deformation scheme. Specifically, 0.2% strain increments are induced at a nominal strain rate of 0.05 ns À1 at each loading step. It is known that high strain rate changes the deformation of nanowire from a crystalline to an amorphous construction. 58, 59 In addition, this structural transition can modify the behavior of nanowires. 60 The strain rate considered here is sufficiently low to predict the mechanical behaviors of nanowires precisely. At each increment, relaxation of the structure is carried via equilibration using the NVT ensemble for 40 ps at 300 K. Subsequently, the Green-Kubo method 61 is used to evaluate the thermal conductivity at each strain increment. This is an equilibrium molecular dynamics (EMD) approach for calculating the thermal conductivity. The heat flux in the length direction is calculated during the NVE ensemble for 2 ns via
Here, J is the heat flux, N is the number of atoms in the system, and E i and v i are the energy and velocity of the atom i, respectively. r ij is the distance between atoms i and j, and F ij is the force between i and j. The first term (v i E i ) is neglected because it is related to the heat convection, not conduction.
The thermal conductivity at each strain state is calculated via
where j is the thermal conductivity, s m is the delay time, k B is the Boltzmann constant, V is volume, T is temperature, and hJðtÞJðs 0 Þi is the auto-correlation function of heat flux. The truncation delay time is 2-5 ps because longer delay times cause statistical error. Results from at least five MD simulations with different initial atomic velocities are averaged to calculate the thermal conductivity. Because the Debye temperature is relatively low (340-380 K (Refs. 62 and 63) for both WZ and ZB ZnS), quantum correction of thermal conductivity is neglected at T ¼ 300 K.
To confirm the results of the EMD approach and investigate the effect of interfaces on the thermal behaviors of the polytypic SLNWs, a reverse-NEMD approach proposed by M€ uller-Plathe 64 is also used. Figure 2 shows the configuration of the system used in this approach. The system is divided into N bins along the axial direction. Bin 1 and bin N are the heat sink locations and bin N/2 þ 1 is the heat source location. The heat flux is imposed by exchanging velocities between the hottest atom in the heat sinks and the coldest atom in heat source. Some analyses of amorphous/crystalline silicon superlattices use the thermostats consisting of half amorphous and half crystalline phases. [65] [66] [67] However, the phases of heat sink and heat source only change the thermal conductivity by approximately 0.36% in one of our NEMD models. Therefore, the effect of phases of thermostats is not considered here. Because the systems considered in the reverse-NEMD approach consist of more atoms than those considered in the EMD approach, longer times are needed for initial relaxation. As a result, the systems are equilibrated for 50 ps using the NPT ensemble at 300 K and then for 100 ps using the NVT ensemble at 300 K. After the initial relaxation, the velocities of the atoms are exchanged for 5 ns to apply the heat flux and create a temperature gradient. To prevent excessive temperature rise and drop in the heat source and sinks, the NVT ensemble at 300 K is carried out during the exchange of velocities. These simulation steps are carried out for the nanowire with the diameter of 3.51 nm and length of 14.81 nm. When either the diameter or length increases, the relaxation times are chosen to be proportional to the sizes. The heat flux and temperature gradient converge at 1 ns. So, the averaged heat flux and temperature gradient between 1 and 5 ns are used to calculate the thermal conductivity via
where j is the thermal conductivity, J is the heat flux, and rT is the temperature gradient. Heat fluxes generated range from 6.64 Â 10 9 W/m 2 to 1.05 Â 10 10 W/m 2 . The temperature differences between the heat source and sink are in the range of 50-90 K. These ranges of heat flux and temperature gradient satisfy the Fourier's linearity requirement compared with those of other NEMD simulations. 68, 69 The thermal resistivity W at the interface and for the whole specimen can also be obtained via
III. RESULTS AND DISCUSSION
A. Single-crystalline ZnS nanowires
First, the mechanical and thermal behaviors of the WZ and ZB single-crystalline nanowires are analyzed. Figure 3 shows the stress-strain curves of WZ and ZB nanowires whose diameters range from 1.93 to 5.01 nm and 1.77 to 5.05 nm, respectively. The virial formula modified by Zhou 70 is used to calculate the stress. When tensile loading is applied, the WZ nanowire with the [0001] orientation shows an elastic behavior as the strain increases from 0 to approximately 0.1. Subsequently, the stress drops precipitously. The drop is associated with the change of the WZ structure to the body-centered-tetragonal (BCT) structure. The core part of the WZ nanowire is transformed into the BCT structure, and consequently, the surface layer is rearranged. Accordingly, the atomistic structures of the core and the surface regions become different after the transition. This phase transformation has been reported for other WZ nanowires, such as ZnO and GaN. 39, 40 BCT ZnS nanocrystals have been synthesized via chemical coprecipitation. 71 Phase transition from WZ to BCT for ZnS has also been predicted by theoretical calculations. 72, 73 After the initiation of the phase transformation, the stress gradually increases as the phase transformation propagates throughout the wire. After the whole wire is in the BCT state, the final event of loading is a sharp stress drop at a strain between 0.17 and 0.19 associated with the BCT-structured nanowire separating into two parts. Figure 3(a) shows that the diameter of the WZ nanowires affects their mechanical behaviors. The Young's modulus and critical stress for phase transformation increase up to 20.1% and 23.5%, respectively, as the diameter decreases from 5.01 nm to 1.93 nm. This trend also appears in the elastic behaviors of the BCT-structured wires. The variations of Young's modulus (50.2%) and critical peak stress (41.1%) in the BCT-structured wires are higher than those of the initial WZ-structured wires. When the diameter of the WZ nanowires increases to approximately 5 nm, the young's modulus approaches that of bulk WZ. This size effect appears because the surface-to-volume ratio increases as the size of nanowire decreases.
Figure 3(b) shows that the size effect is also observed for the ZB nanowires. Table II compares the mechanical properties of WZ, BCT, and ZB nanowires of similar sizes. The Young's modulus and critical stress of ZB nanowires are up to 11.6% and 9.8% lower than those of WZ nanowires, respectively. This difference is due to the different surface structures of the nanowires. Figure 4 shows the distributions of stress in the axial direction for the WZ, ZB, and BCT nanowires. The residual compressive stress on the surface of the WZ nanowire is the highest. It has been shown that the residual stress on the surface significantly influences the stiffness of nanowires. 74 The different stacking sequences in the axial direction between the three structures contribute to the different configurations of surfaces and, hence, the different residual stress levels and Young's modulus values. The structural difference also leads to different failure characteristics. Figure 5 shows the configurations of the two nanowires after fracture. While the brittle fracture occurs in the transformed BCT structures at a strain between 0.17 and 0.19, the ZB nanowire does not show the phase transformation and the stress abruptly drops at a strain about 0.08 due to bond breakage. Before the stress drops, there is no Figure 6 shows the thermal conductivity of WZ and ZB nanowires as a function of strain calculated using the GreenKubo method. The thermal conductivity of the WZ nanowires decreases 26.9%-38.9% as the strain increases to the point for the onset of phase transformation. Also, as the strain approaches the critical point of fracture, the thermal conductivity of the ZB nanowires decreases 29.1%-40.8%.
This phenomenon arises from the dependence of phonon relaxation time on strain. 76 In crystalline structures of the nanowires, heat is transported mainly by phonons and the thermal conductivity is related to the phonon relaxation time. Under tensile loading, phonon relaxation time and thermal conductivity decrease. Indeed, the size effect also appears in the thermal conductivity of both single-crystalline nanowires. As the diameter decreases, the thermal conductivity for the two types of wires decreases by up to 33.2% and 40.2%, respectively. The thermal conductivity of bulk ZB ZnS is approximately 27 W/(mk). 77, 78 The decrease of thermal conductivity of ZnS nanowires relative to that of bulk is due to phonon scattering at the wire surfaces. As the diameter decreases, the proportion of surface atoms increases and the effect of surface phonon scattering intensifies. As a result, the thermal conductivity decreases. Figure 6 reveals that the thermal conductivity of the transformed wires in the BCT structure (strain ¼ 0.1-0.2) is 30.2%-49.9% lower than that of WZ structured wires (strain ¼ 0-0.1). Also, the thermal conductivity of ZB nanowires is 23.3%-35.1% lower than that of WZ wires and 14.9%-25.4% higher than that of BCT wires. This trend of thermal conductivity is in agreement with that for Young's modulus (Table II) . According to the kinetic theory of heat transfer, the lattice thermal conductivity can be given as
j is lattice thermal conductivity, C is specific heat, v is phonon group velocity, l is phonon mean free path, and s is phonon relaxation time. The lattice thermal conductivity is proportional to the phonon group velocity v, which is proportional to the elastic constant and can be approximated using a harmonic average of longitudinal and transverse wave velocities 79 as
where v L is longitudinal wave velocity, v T is transverse wave velocity, q is mass density, and C 33 and C 44 are the elastic constants. The phonon group velocities of the WZ and ZB structures are shown in Fig. 7 . The changes in group velocities with increasing diameter are very small for both structures. However, the structure dependence of thermal conductivity comes from the phonon group velocity. For similar ranges of diameter, the phonon group velocities of WZ nanowires are higher than those of ZB nanowires. This trend is consistent for mechanical and thermal behaviors.
B. Polytypic superlattice ZnS nanowires
Table III compares the mechanical properties of the single-crystalline nanowires and polytypic SLNWs. The Young's modulus of the SLNW with a diameter of 3.51 nm is 21.7%-27.0% lower than that of single-crystalline nanowires with essentially the same diameters. Additionally, the fracture stress of the SLNW is 24.4% lower than that of ZB wires and 28.1% lower than the stress at which the WZ structure transforms into the BCT structure. The difference in the Young's modulus between the single-crystalline wires and the SLNWs can be explained by their surface configuration and the interfaces. Figure 8 shows the distributions of the compressive stress in the length (z) direction and potential energies of the wires and bulk material after initial relaxation. The atoms of the WZ nanowire are well arranged in the region within a radius of 14.5-14.8
A. Their potential energies are similar to those in the stable bulk state. These observations indicate reconstruction of only the surface which consists of two repeated Zn-S layers. The surface reconstruction occurs by the motions in opposite directions of the outermost layer and the second outermost layer. The surface of the ZB wire has lower compressive stresses. The surface of the SLNW has a combination of two different configurations. Because of the constraints from the ZB surfaces, the WZ segments do not have well-constructed surface layers. Furthermore, significant compressive stresses are applied on atoms in the interior. The difference between the interior and surface regions is less pronounced for the SLNW, contributing to lower stiffness values. Figure 9 (a) shows the stress-strain curves of polytypic SLNWs whose diameter is 3.51 nm and length is 14.81 nm. The length of the periodic blocks, the periodic length (PL), is varied to investigate how it affects the behaviors of the SLNWs. The specimen length (SL) is chosen to be similar to that of the single-crystalline nanowires for comparison. Figure 9 shows that the periodic length (PL) only has a minor effect on the mechanical properties of the SLNWs. ZB regions makes the structure of interfaces unstable, leading to large deformations and voids, followed by eventual fracture at the interfaces. Figure 10 shows the atomistic configuration of superlattice nanowire at an interface when fracture occurs. The thermal conductivity of polytypic superlattice ZnS nanowires is analyzed. Figures 11(a)-11(c) show the thermal conductivity of the SLNWs as a function of strain. The results are obtained by the Green-Kubo method. Like the single-crystalline nanowires, the polytypic SLNWs show size dependence of thermal conductivity, which decreases 38.6%-44.9% as the diameter of nanowires decreases from 5.03 nm to 1.85 nm. As the tensile strain increases, the thermal conductivity decreases up to 43.1%. The reason is same as that for the single-crystalline nanowires. The thermal conductivity of the WZ nanowire whose diameter is 3.47 nm is approximately 6.02 6 0.81 W/(mK). The thermal conductivity of the ZB nanowire with a diameter of 3.53 nm is approximately 4.05 6 0.15 W/(mK). On the other hand, the thermal conductivity of the SLNW whose diameter is 3.51 nm and periodic length is 7.41 nm is approximately 3.15 6 0.28 W/ (mK). Clearly, the thermal conductivity of the SLNWs is lower than those of pristine WZ and ZB nanowires, owing to the interfaces between the two different structures. This is due to the acoustic impedance mismatch between the two structures. Although modified lattice constants are used to avoid lattice mismatch at the beginning of the simulations, the positions of atoms rearrange after relaxation to yield slightly different spacing between atomic layers of the two structures. Termentzidis et al. 43 also observed a reduction in thermal conductivity due to lattice and diameter modulation in SiC nanowires. The tendency in the thermal conductivity is consistent with that in the mechanical behaviors. It is useful to note that the thermal conductivity is even lower for wires with lower periodic length values and therefore higher numbers of interfaces, as seen in Fig. 11(d) . The result is obtained using the reverse-NEMD approach and is similar to, but slightly lower than, the result from the Green-Kubo approach. The lower reverse-NEMD data is due to the fact that phonon scattering occurs at the heat sources and sinks. As mentioned before, since the periodic length does not significantly affect the stiffness and phonon group velocity of the SLNWs, other mechanisms are responsible for the lower thermal conductivity. One is phonon confinement due to the decrease in the periodic length and another is the phonon scattering at the interfaces.
The first reason should be considered when the length of the segments is on the same order as the phonon mean free path. The effective phonon mean free path is affected by the characteristic distance of phonon scattering. The relation can be approximated as
where l ef f is the effective mean free path, l 1 is the phonon mean free path for an infinite system, and l scatter is the specific distance between two phonon scattering events. This relation implies that the effective phonon mean free path and thermal conductivity can decrease as the distance between phonon constraints decreases. Figure 12 shows the relation between the inverse of thermal conductivity j and the inverse of the length of each nanowire segment. For the single-crystalline nanowire segments, the constraints on the phonon waves exist at the heat source and sink. Therefore, l scatter can be regarded as the length of the nanowire (l z ). The linear fits to the MD data in Fig. 12 provide the thermal resistivity of each nanowire block in the SLNWs. When the data points for the long samples (l z ¼ 18.52-37.48 nm) are used for the linear fitting, the effective mean free paths of the two polytypes are almost the same. This is consistent with the result for SiC nanowires. 43 Data for longer samples (l z ¼ 50-400 nm) are needed to more precisely calculate the l 1 . However, the model in Fig. 12 is used to predict the thermal resistivity of each nanowire block in the SLNWs, accounting for the size effect. Because the stated range of periodic length is about 1.85-29.62 nm, calculations with longer samples are neglected.
The second reason for the lower thermal conductivity of the polytypic SLNWs is that the filtering of phonon wave packets occurs at the interfaces because of the difference in the characteristics of lattice vibrations. Figure 13 shows the temperature profile for one of the NEMD systems. The WZ and ZB segments have different temperature gradients and a small temperature jump can be observed at the interface. Some researchers also report that there is an abrupt temperature variation at interfaces of superlattice structures in NEMD simulations. 42, 80 This effect is caused by the thermal boundary resistance and contributes to lowering the thermal conductivity of the structures. The temperature difference at the interface between the two polytypes is very small compared with results for structures with different materials. This is reasonable because the polytypic SLNWs consist of 
The result is shown in Fig. 14 . The data concerns the case of the periodic length of 7.41 nm and specimen length of 14.81 nm. The phonon wave-packets whose frequencies are, say, approximately 3, 6, and 10 THz partially pass through the interfaces when heat flows from WZ to ZB. Hence, some phonon waves are reflected and scattered and the effect intensifies as the number of interfaces increases. The temperature profiles obtained by NEMD simulations are used to calculate the thermal conductivity of the SLNWs with different periodic lengths and specimen lengths. Based on the rule of mixture, 68 the thermal conductivity of the multi-layered structures can be expressed as
where f i is the volume fraction and j i is the thermal conductivity of each component. When this equation is applied to our NEMD model, the thermal conductivity of SLNWs can be calculated as
where W WZ and W ZB are the thermal resistivity of each structured segment. J is the heat flux and DT is the temperature variation from MD calculations. The temperature variations are calculated by linearly fitting the temperature profiles of the segments. L is the length of the whole specimen and L WZ and L ZB are the periodic lengths of each structural block. In particular, a z is chosen as the lattice parameter in the heat transport direction to calculate the thermal resistivity of the interfaces (W int ). The overall resistivity is the sum of the products of thermal resistivity and volume fraction of structured segments and interfaces.
To predict the thermal conductivity of the SLNWs, we need to calculate the thermal resistivity of each structure and interfaces. First, the thermal conductivity of each nanowire block is predicted using Eq. (7) and linearly fitted graphs shown in Fig. 12 . To consider the effects of the characteristic lengths on phonon scattering, l scatter is substituted with the periodic lengths and specimen lengths. The resistivity of the interfaces is predicted by calculating the thermal boundary resistance based on the acoustic mismatch model (AMM). 81 The thermal resistance of the interfaces is caused by differences in wave speeds of the materials. The AMM is suited for our model because the initial SLNWs have atomically sharp interfaces and lattice mismatch is very small. In this model, the transmission probability of phonons from material 1 to material 2 (a 1!2 ) is estimated via
where Z i is the acoustic impedance of materials, q i is mass density, and v i is the mean phonon speed. The transmission coefficient of the materials for mode of propagation j (C 1;j ) is defined as 81
where h is the angle between the incident direction of phonons and normal to an interface. To simplify the calculation, a is regarded as an independent function of the incident angle. The final form of thermal boundary resistance in the AMM (R B;AMM ) is expressed as
where k B is the Boltzmann constant, T is temperature, and h is Planck's constant divided by 2p. The thermal resistivity at the interface (W int ) is defined as the thermal boundary resistance (R B;AMM ) divided by the fictitious length of interface (a z ). Figure 15 The difference of interface resistivity generated by heat flow direction is very small in both the AMM and MD models. That is, there is no drastic difference of thermal resistivity between heats flowing from WZ to ZB and from ZB to WZ. The reason is because the model considered here consists of the same materials and the acoustic impedance difference between the lattice structures is not large. The thermal resistivity of the interfaces decreases as the periodic length decreases. This trend is also observed in other SLNWs in the NEMD simulations 41, 82, 83 and can be explained by using the cumulative phonon thermal conductivity with respect to the phonon wavelength. 41, 84 Phonons whose wavelengths are shorter than the PL are dominantly scattered by the interfaces. With fixed overall specimen length, the fraction of energy transported by these phonons decreases as the periodic length decreases. The specimen length does not influence the interfacial thermal resistivity when it is over 29.62 nm. Only SLNWs with the length of 14.81 nm show high resistivity. This is because phonons whose wavelengths are over the SL cannot exist. When SL ¼ 14.81 nm, phonons with medium wavelengths (10-30 nm) seen in wires with SL ¼ 29.62 nm cannot exist. So, the fraction of scattered phonons at the interfaces and the ITR itself are higher than those of longer wires. However, the specimen length of real wires does not affect the ITR because their lengths are much longer than those in our simulations.
As expected, the thermal resistivity of interface regions is approximately 4-8 times higher than that of each nanowire segment. This value is much lower than what is reported in other studies involving interfaces between different solids. It is known that larger differences in the mass and bond strength between materials correspond to larger influence of interface on thermal transport. 80 However, for the same material with different structures, lower thermal resistivity at the interfaces is more reasonable. Using the thermal resistivity calculated via Eq. (7) and the AMM calculation, we predict the thermal conductivity of polytypic SLNWs shown in Fig. 16 . There is a strong agreement between the prediction and MD calculations using the ratio of heat flux with temperature gradient. The predicted values are slightly lower than the results of NEMD simulations. This can be attributed to an overestimate of the effect of periodic length on effective phonon mean free path. The calculations obviously capture the changes of thermal conductivity with the periodic and specimen lengths of the SLNWs.
IV. CONCLUSIONS
The thermal and mechanical behaviors of ZnS singlecrystalline and polytypic superlattice nanowires are investigated by atomistic simulations. The crystalline structure is a decisive factor affecting the thermo-mechanical behaviors of single-crystalline ZnS nanowires. When tensile loading is applied, [0001]-oriented WZ nanowires transform into the BCT structure while [111]-oriented ZB nanowires fail without any phase transformation. Distinct surface configurations of the structures give rise to different deformation behaviors. The lower residual compressive stress on the surfaces of ZB ZnS nanowires causes the Young's modulus to be 2%-12% lower than that of WZ ZnS nanowires. For composite ZnS nanowires with periodic WZ and ZB structural regions, fracture initiates from the interface during tensile deformation. The Young's modulus and thermal conductivity of ZnS SLNWs are up to 27% and 55% lower, respectively, compared with those of single-crystalline ZnS nanowires. Irregularity in the arrangement of surface atoms of the superlattice nanowires leads to lower initial compressive stress and Young's modulus.
The effects of the characteristic lengths on the thermomechanical behaviors of polytypic ZnS SLNWs are analyzed. The changes in the period and overall lengths do not significantly affect the mechanical behavior of the SLNWs. However, as the period and specimen lengths decrease, the thermal conductivity decreases by as much as 30%. This is because of a reduction in the effective phonon mean free path and an increase in the number of interfaces where phonon scattering occurs. The effects are quantified via calculations of the effective phonon mean free paths and thermal boundary resistance of interfaces using an acoustic mismatch model. The results of the simulations reported can be used to establish a relation between the microscopic crystal structure and corresponding thermo-mechanical properties of ZnS nanowires. The results are also useful in the understanding of thermal transport in complicated ZnS superlattice structures and in the design of ZnS SLNWs with desired properties. In particular, the mechanisms to take advantage of include the fact that polytypic SLNWs can achieve low thermal conductivity via smaller characteristic lengths, offering an alternative approach for enhancing thermoelectric performance of materials. 
